Mountain runoff ultimately reflects the difference between precipitation (P) and evapotranspiration (ET), as modulated by biogeophysical mechanisms that intensify or alleviate drought impacts. These modulating mechanisms are seldom measured and not fully understood. The impact of the warm 2012-15 California drought on the heavily instrumented Kings River basin provides an extraordinary opportunity to enumerate four mechanisms that controlled the impact of drought on mountain hydrology. Two mechanisms intensified the impact: (i) evaporative processes have first access to local precipitation, which decreased the fractional allocation of P to runoff in 2012-15 and reduced P-ET by 30% relative to previous years, and (ii) 2012-15 was 1 °C warmer than the previous decade, which increased ET relative to previous years and reduced P-ET by 5%. The other two mechanisms alleviated the impact: (iii) spatial heterogeneity and the continuing supply of runoff from higher elevations increased 2012-15 P-ET by 10% relative to that expected for a homogenous basin, and iv) droughtassociated dieback and wildfire thinned the forest and decreased ET, which increased 2016 P-ET by 15%. These mechanisms are all important and may offset each other; analyses that neglect one or more will over or underestimate the impact of drought and warming on mountain runoff.
. Quantitatively understanding the relative importance of these amplifying and mitigating mechanisms on ET and Q across mountain basins is central to regional and global water security in a warming climate. While past studies have modeled drought magnitude and mountain runoff declines in a warmer climate, they have assumed, rather than diagnosed using quantitative observations, the mechanisms that impact hydrologic response 3, 4 . Past studies have projected temperature effects of warming on mountain evapotranspiration based on both measurements and modeling, yet have not explicitly linked these changes with regolith water storage and multi-year drought 5, 6 . The 2012-15 California drought provides an extraordinary opportunity to enumerate these mechanisms. The mean precipitation in California's southern Sierra Nevada was about 50% of average for the 2012-15 water years (water year begins prior Oct. 1). While California has experienced ten multi-year below-normal precipitation periods in the last 100 years, the period that began in fall 2011 was especially severe owing to higher temperatures than in past dry periods [7] [8] [9] . This led to declining summer streamflow and widespread tree mortality, especially in the Sierra Nevada-Central Valley region (Fig. 1) . The California drought, in combination with a rich suite of observations at the Southern Sierra Critical Zone Observatory (SSCZO), provide an excellent opportunity to close the water balance and evaluate the implications of subsurface water storage (represented by ΔS), vegetation feedbacks and spatial heterogeneity for the hydrologic mechanisms.
Water-balance and subsurface-storage measurements along an elevation gradient
A wide suite of spatially distributed measurements of evapotranspiration, precipitation as rain and snow, snowpack and soil-water storage and stream runoff were installed in the SSCZO well before the 2012-15 drought and continue through present (Fig. 1 ) 10 . These include field sites along the major axis of variation in climate and hydrology, the steep elevation and climate gradient of the southern Sierra Nevada 11 . These sites were placed to both characterize key elevation zones and allow broader regional scaling. During the 2012-15 drought we observed significant changes to the water balance at three intensive-measurement sites, findings that were consistent with changes observed throughout the 3989 km 2 Kings River basin (275-4250 m elevation). The three focal measurement sites represent an approximate three-fold precipitation increase along a 1600-m elevation gradient (Fig. 2a-c) . Annual precipitation in water-year 2014, the 3 rd dry year, was about 26% of that in 2011, the wet year just before the drought (Table 1) , and 50% of the 2009-2016 mean. For the same years, annual ET measured at the San Joaquin (oak savannah, 405 m elevation), Soaproot (pine-oak forest, 1160 m) and Providence (mixed-conifer forest, 2015 m) sites dropped 52, 47 and 20%, respectively (Fig. 2d-f) .
The seasonal patterns of evapotranspiration in this Mediterranean climate shifted in response to changes in water availability. ET during wet years at San Joaquin was greatest in March through June, and declined by July with grass senescence (Fig. 2d) . San Joaquin ET during the drought years declined in April. Wet-year ET at Soaproot increased in April and remained high through September. Dry-year ET at Soaproot dropped off by June, about one month after precipitation ended (Fig. 2e) . Wet-year ET at Providence increased in June, near the end of snowmelt and two months later than at Soaproot (Fig. 2f) . ET at Providence was comparatively consistent between wet and dry years, with a modest decline during the last two months of water-year 2014. The seasonal patterns of evapotranspiration reflect the withdrawal and depletion of subsurface moisture that was recharged earlier in that year. We identified the dry season as the period from the last day of rain or snowmelt until the onset of precipitation, and used this interval to calculate the cumulative dry-season evapotranspiration. The 2011 cumulative dry-season ET at San Joaquin and Soaproot was 175 and 598 mm yr −1 , respectively, underscoring the importance of deep rooting and the large supply of subsurface moisture during wet years that supports dry-season gas exchange. The cumulative dry-season ET declined by 50% as the drought progressed, coincident with a decline in subsurface moisture (Figs 2 and 3 and Table 1 ).
Considering a wet-year evapotranspiration of 600 mm yr −1 and an estimated average annual precipitation of just over 500 mm yr −1 , evapotranspiration in the oak savannah (San Joaquin) responds to precipitation on a year-to-year basis, with subsurface storage providing little inter-annual buffer (Fig. 3a) . Pre-drought (2011) ET in the pine/oak forest (Soaproot) was nearly 1100 mm yr −1 , versus a pre-drought estimated 3-year (water years 2009-11) annual mean precipitation of just over 1300 mm yr −1 (Fig. S1 ). The estimated 598 mm yr −1 of subsurface storage was apparently sufficient to sustain a high ET by the forest during the dry 2012 water year, but not 2013-15, as indicated by declining ET (Fig. 3b) .
At Providence, cumulative dry-season evapotranspiration was 454 mm yr −1 in 2011, and dropped about 24% in 2014 (Table 1) . Measured annual runoff dropped from over 1000 mm yr −1 in 2011 to near zero in 2014 for a headwater catchment at Providence. Adding measured baseflow amounts for the days after the end of (Fig. 3e,f) . This multi-year decline at Soaproot is consistent with the large P-ET deficit for the site. Providence exhibited a multi-year decline in Q and ET, with a storage deficit and decrease in matric potential by 2015; and San Joaquin showed a small but growing storage deficit through the drought. These dry summer conditions also suggest that net lateral flow into the site was small.
Our estimates of at least 600 mm yr −1 of evapotranspiration from storage at Providence and Soaproot are within prior estimates of water-storage capacity. Weathered granodiorite rock has observed porosities over 32% 12 .
A recent geophysical survey at Providence found a weathering zone ranging in thickness from 10 to 35 m 13 . Assuming a 10-m deep weathering and rooting zone, and a plant-available water-holding capacity of weathered Sierran granitic rock of between 13 and 20%, yields a usable water storage of at least 1300 mm yr −1,14,15 . The 638 mm yr −1 of evapotranspiration and runoff coming from storage during the dry season at Providence implies that root-accessible water occurs at depths that are well below 2.5 m.
Kings River basin water balance and storage
Precipitation increases with elevation and evapotranspiration peaks at mid elevation in the Kings River basin, with water limitation prevalent at lower elevation and temperature limitation higher up 6 . Annual precipitation averaged over the 4 years prior to the drought (2008-11) effectively equaled or exceeded evapotranspiration at all elevations, but was less than ET below about 2200 m during 2012-15 (Fig. 4) . Higher elevations had sufficient precipitation and multi-year subsurface storage to both sustain vegetation and provide runoff through the dry years.
Basin-wide P-ET (equal to Q + ΔS on Fig. 5 ) ranged from about 100 mm yr −1 in 2014 to nearly 1200 mm yr
in 2011. Summing only P-ET for areas with positive values corresponds well with annual full-natural flow (Fig. 5  insert) . In dry years, the quantity ΔS reflects the basin-average P-ET deficit, or the amount of evapotranspiration that must be provided by a change in subsurface water storage. Full-natural-flow values higher than this calculated Q (equal to P-ET−ΔS) reflect additional withdrawals from storage. In wet years, the full-natural flow is less than P-ET, reflecting some of the difference replenishing subsurface storage that was depleted in dry years (Fig. 5) . We note that ΔS is operationally defined by the water-balance equation, and is based on measurements of P, ET and Q. It is thus related to root-accessible subsurface storage, rather than to specific physically defined parts of the regolith. 
Controls on mountain evapotranspiration and runoff during multi-year drought
Our analysis demonstrates closure of the annual water balance at multiple scales, and in doing so paints a consistent picture of the altitudinal and temporal response to drought in California's Sierra Nevada. Our strategy relied on several independent lines of evidence, and the use of complementary in-situ and remotely sensed observations. The consistent patterns we observed at both the individual focal sites and across the entire basin indicate that the trends we observed are most consistent with the effect of drought. We enumerated the four mechanisms that modulated the impact of drought on P-ET: (i) evaporative processes have first access to local precipitation, which increased the fraction of P in 2012-15 going to ET and reduced P-ET; (ii) 2012-15 was 1 °C warmer than during the previous decade, which increased ET and reduced P-ET; (iii) spatial heterogeneity and the continuing supply of runoff from higher elevations effectively helped to sustain Q in 2012-15; and (iv) drought-associated dieback and wildfire thinned the forest and decreased subsequent ET, which increased P-ET in 2016.
The first mechanism is a simple result of the priority partitioning of precipitation to evapotranspiration vs discharge (Figs 2, 3, 4 and 5) . Local precipitation is initially stored in the soil and regolith (ΔS) and then withdrawn to support evapotranspiration. The partitioning of local P to Q is minor until the subsurface is fully saturated, at which point runoff increases markedly. The proportion of P allocated to Q therefore declines during drought, which creates a non-linear relationship between P and Q, and intensifies the impact of drought on discharge (Figs 3, 5) . We estimated the magnitude of this impact by comparing the basin-wide P-ET we observed for 2012-15 with the P-ET expected if the partitioning of P to Q had remained similar to that observed during the previous decade ( The second mechanism reflects the effects of warmer than normal conditions during 2012-15 on ET. Evapotranspiration varied both temporally within and spatially between the eddy-covariance towers in direct proportion to temperature and saturated vapor pressure. The area-weighted mean air temperature across the Kings River basin was 8.4 °C in 2001-11 and 9.4 °C in 2012-15, which yielded a 12% increase in saturated vapor pressure. In turn, this increase in saturated vapor pressure would be expected to have increased ET in 2012-15 by 12-15% and decreased P-ET by at least 25 mm yr −1 across the entire basin, or 5% of the long-term mean P-ET. The third mechanism reflects spatial heterogeneity across the basin and the increasing importance of high-elevation source regions during the drought. Precipitation, ΔS and especially ET are heterogeneous across the Kings basin, with peak ET at 800-2400 m elevation. The 2012-15 drought shifted the area with a positive P-ET (source regions) upslope (Fig. 4) , which sustained higher rates of river flow during the drought than would have occurred if the overall basin had been more homogenous. The basin-wide ET averaged 360 mm yr −1 in 2001-11 and 340 mm yr −1 in 2012-15. The basin-wide P averaged 495 mm yr −1 in 2012-15, and the basin-wide P-ET would have been 155 mm yr −1 in 2012-15 if the basin were homogenous. However, the basin-wide average P-ET considering only locations that maintained P > ET during this period and disregarding locations with P < ET was 195 mm yr −1 in 2012-15. In effect, these lower, negative-water-balance locations became irrelevant to discharge during the drought, which shifted the source regions upslope and maintained a basin wide P-ET that was 40 mm yr −1 higher than for a homogenous basin, or 10% of the long-term mean P-ET The fourth mechanism reflects the effects of drought-associated leaf-area declines on subsequent ET. The fourth year of the drought was accompanied by widespread conifer death and also a large wildfire that affected nearly 20% of the basin. Conifer mortality was especially pronounced at the lower-elevation Soaproot site, which was originally closed-canopy pine forest. This mortality at Soaproot lead to a marked decline in ET in 2015, with little or no recovery in 2016 despite the return of near-average P (Figs 2 and S1 ) and in 2017 despite well above-average P (personal observation). The effect of mortality and wildfire below 2500-m elevation were apparent at the basin level ( . The mortality-and wildfire-associated thinning increased basin-wide P-ET by 70 mm yr −1 , or 15% of the long-term mean P-ET. More than half of this decline was due to wildfire (Fig. S4) .
All four of these mechanisms are potentially important across the Earth's seasonally snow-covered mountains and may offset each other. In the Kings, the sum of these mechanisms was 10% of the long-term mean P-ET, which is comparable to or less than the effects of three of the individual mechanisms. Projections of the effect of drought on mountain runoff are therefore sensitive to the inclusion of all four mechanisms, and analyses that neglect one or more will over or under estimate the impact on both runoff and other ecosystem services.
Spatially distributed and calibrated, state-of-the-art hydrologic models already account for most of these mechanisms. Models typically allocate P to ET and Q following an approach that gives first priority to ΔS and ET, which should allow a realistic representation of the first mechanism, though uncertainty over soil, regolith and rooting depth and the maximum capacity to store moisture may cause errors. Models that represent ET as a function of vapor pressure should realistically represent the second mechanism, though uncertainty over the effect of increasing evaporative demand on stomatal closure may generate errors. Spatially distributed models should capture the third mechanism, provided they have adequate spatial resolution and a realistic representation of the spatial distribution of P, ET and ΔS. Many hydrologic models lack a dynamic vegetation or disturbance and recovery component, and these models will tend to overestimate the long-term impact of drought and warming on hydrology. A spatial data record of similar length to that presented here will enable more-accurate partitioning of P between ET and ΔS, which is not feasible using just Q for calibration. Moreover, this fourth mechanism is potentially the most important, depending on how long the reduced ET is sustained. Rates of ET recovery following forest dieback or wildfire are poorly known, and the 2012-15 drought may have a long-term legacy effect on Kings River flow if recovery is slow.
Methods
Our in-situ measurements focused on three sites along a steep elevation transect in the Southern Sierra Critical Zone Observatory (CZO) (Fig. 1) 10,11 . The Providence Creek site (2015-m elevation) is a Sierran mixed-conifer forest with interspersed patches of montane shrubland 16, 17 . The upper canopy is mostly white fir (A. concolor), ponderosa pine (P. ponderosa), black oak (Q. kelloggii), sugar pine (P. lambertiana), and incense cedar (C. decurrens). The Soaproot Saddle site (1160 m) is a pine-oak forest, with a ponderosa pine and oak overstory (mainly Q. chrysolepsis). The San Joaquin Experimental Range (405 m) is an oak savannah, with deciduous and evergreen oak (Q. douglasii and Q. wislizenii), gray pine (P. sabiniana) and annual grasses. Estimated 1970-99 climatological precipitation is 513, 805 and 1015 mm at San Joaquin, Soaproot and Providence, respectively; and respective min/max temperatures for that period are 9.3/23.5, 5.5/18.0, and 2.7/14.8°C 11 . San Joaquin and Soaproot are rain dominated, and Providence receives up to 50% of its precipitation as snow 16 . Prior to the drought, Soaproot and Providence retained high levels of greenness all year, with San Joaquin showing senescence of grasses in summer. Tree mortality was especially severe near the Soaproot intensive-measurement site. The photos in Fig. 1 shows the landscape in an east-west running valley in the 800-1500 elevation range, in December 2015. Tree mortality became apparent between July and December in 2015 in this region (personal observation).
Regional trends in soil and regolith properties are governed by a strong bioclimatic gradient across the Sierras 18 . Soils at San Joaquin are Coarse-loamy, mixed, superactive, thermic Typic Haploxerepts with loamy sand textures and depth to weathered bedrock typically occurring between 50 and 100 cm. At Soaproot, soils are Fine-loamy, mixed, semiactive, mesic Ultic Haploxeralfs with sandy-loam and sandy-clay-loam textures and depth to weathered bedrock occurring between 150 and 250 cm. Soils at Providence are Coarse-loamy, mixed, superactive, mesic Humic Dystroxerepts with Coarse-sandy-loam textures and depth to weathered bedrock occurring between 100 and 200 cm. Portions of all three sites were actively managed during the study: parts of the Providence watershed were thinned in water-year 2012; parts of the Soaproot site were burned by prescribed ground fire in winter 2013; much of the San Joaquin site was grazed each year. This management generally avoided the areas where we had installed equipment, but nonetheless underscores the importance of a broad research strategy that relies on multiple independent lines of evidence, including in-situ and remotely sensed observations. Hence, management at the three focal sites could have confounded the attribution of year-to-year variability, but the suite of evidence there and across the basin indicates that the recent trends are most consistent with the effect of drought.
Daily evapotranspiration was measured at the three sites by eddy covariance 11 . Streamflow was measured at Providence and precipitation at Providence and San Joaquin 16 . Matric potential was measured down to 2 m at the three focal sites using ceramic thermal-dissipation probes (229-L sensor, Campbell Scientific Inc., Logan, UT) 19 . We combined spatially resolved estimates of precipitation and evapotranspiration to investigate the patterns of water balance.
For the Kings River basin analysis, monthly estimates of precipitation at 4-km resolution (PRISM) were downscaled using a bilinear interpolation and summed for each water year. Annual evapotranspiration at 250-m resolution was calculated from the Normalized Difference Vegetation Index (NDVI; MOD13Q1 collection 5) and PRISM maximum air temperature using an exponential regression based on 77 site years of observations at ten eddy-covariance towers across California ( Figure S3 ) 11 . This NDVI component of the regression exploits the bidirectional interaction between canopy density and evapotranspiration; a high NDVI indicates a high Leaf Area Index (LAI) and hence a high rate of transpiration through canopy gas exchange, and a high rate of transpiration feeds back to a high LAI and NDVI through Net Primary Production (NPP). The feedback of ET and NPP to LAI develops over a few years in evergreen forest, and hence the NDVI measured in a given year is strongly influenced by the water balance and evapotranspiration that occurred over the last few years. The temperature aspect of the regression accounts for the increase in ET for a given LAI and NDVI that is caused by increasing vapor pressure with warmth. Our measure of evapotranspiration can be thought of as a lagging indicator of recent historic water availability, and of the amount of evapotranspiration that is needed to support a site's LAI. P-ET therefore provides an especially useful measure of drought severity and whether the precipitation in a year is sufficient to support the local vegetation density. It thus has advantages over use of potential evapotranspiration (PET), which is insensitive to dry years; or to P-PET, which is offset from the actual water deficit that is driving moisture stress.
Data for this and other SSCZO studies are available through https://criticalzone.org/sierra/ and as noted on figures.
